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a b s t r a c t
Simulation-based surrogate models have been used for a variety of applications in
automotive industry. In this paper, based on the FEM analysis, both of the response surface
model (RSM) and Kriging model are used to optimize an ADI upper control arm, where the
weight of the upper control arm is considered as the design objective, and the maximum
allowable von Mises stress the constraint objective. The initial FEM analysis shows the
stress distribution and maximum stress on the upper control arm under a very severe
loading condition. And, by virtue of the result of FEM analyses, fifty simulations with six
design variables are performed for RSM and Kriging model to construct the approximation
of the weight and maximum stress to obtain the optimum result. The optimized results
obtained by using RSM and KRG are confirmed by a verified FEM analysis. In addition, a
fatigue analysis is carried out to verify the durability the final design.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction
In automotive suspension, an upper control arm is a car suspension component that is located between the frame and rear
axle housing to carry brake and driving torque. The upper control arm’s primary function is tomanage thewheel’s motion in
relation to the vehicle’s body.With the growth of lightweight demand of subassembly for cost saving and fuel efficiency, the
design of upper control armwith less weight and stronger mechanical performance becomes necessary and popular. To this
end, finite element method is usually performed in the design of upper control arm to predict its mechanical performance.
However, using high fidelity FEM analysis becomes too computationally expensive during the following optimization, due
to the complex shape and many design variables.
One alternative method is to construct a simple approximation model of complicated FEM analyses. The approximation
model which is obtained in approximation with the statistical method is also called as the metamodel. So far, two
very popular approximation models/metamodels are the response surface method (RSM) and Kriging model due to their
simplicity and high accuracy. In 2007, Liao [1] et al. presented a multiobjective optimization procedure for crash safety
design of vehicles using response surface method. In the same year, Lee and Kang [2] presented a structural optimization
of an automotive door using Kriging model. In both papers, the researchers adopted one type of metamodel to resolve the
problems. However, Simpson [3], Yang [4] and Viana et al. [5] have revealed that the best surrogate does not necessarily
leads to the best solution, multiple surrogates rather than a single one works much better for engineering optimization.
Hence, this paper presents an engineering optimization of the upper control arm made from ADI material by using
two kinds of metamodels (RSM and Kriging), simultaneously. First, the upper control arm with complex shape under a
typical loading condition is investigated using FEM analysis. Secondly, RSM and Kriging model are performed to predict
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the optimum shape and the corresponding values of the design variables. Thirdly, the verification analysis is conducted to
compare the accuracies of these two metamodels. At last, a fatigue analysis is also carried out to verify the durability of the
optimum design.
2. Surrogate model techniques
As mentioned above, both RSM and Kriging model are used in this research due to their ease of use and high accuracy.
The principal features of response surface method and Kriging model are described in the following sections.
2.1. Response surface method
Response surfacemodel, which is introduced by G.E.P. Box and K.B.Wilson in 1951, is one of the typical surrogatemodels
that use some simple basis functions to formulate the complex global objective and constraint functions in the design
space [6]. Mathematically the exact functional relationship can be approximated as:
y ≈ f (x) =
N∑
i=1
aiϕi(x) (1)
where ϕi(x) are the basis functions that are dependent on the design variables x, and ai are weighting parameters, N
represents the numbers of basic functions. The functions frequently used in RSM involve the linear, interaction as well as
quadratic functions. When using a quadratic approximation, the full set of the second-order polynomials of ϕi(x)are given
as:
1, x1, x2, . . . , xn, x21, x1x2, . . . , x1xn, . . . , x
2
n (2)
and the surrogate model can be thus changed as,
yˆ = a0 +
n∑
i=1
aixi +
n∑
i=1
aiix2i 1 +
n∑
i=1
aijxixj. (3)
If the analysis result y(xp) at theM sampling points (M > N) are obtained, the unknown parameters ai can be determined
by means of the least squares method of the errors E(a) between exact analysis y(xp) and the approximation f (xp),
E(a) =
M∑
p=1
ε2p =
M∑
p=1

[
y(xp)−
N∑
i=1
aiϕi(xp)
]2 (4)
the least squares method is employed to estimate coefficients ai, which is,
a = (XTX)−1XTy (5)
where X is the matrix consisting of basic functions evaluated at the sample points.
2.2. Kriging model
Krigingmodel is a popular analysis approach for computer experiments for the purpose of creating a cheap-to-computer
‘‘meta-model’’ as a surrogate to a computationally expensive engineering simulation model [7,8].
In Kriging model, the global approximation model for a response y(t) is represented as:
y(t) = β + z(t) (6)
where β is the constant, and z(t) follows Gaussian distribution whose mean and variance are 0 and σ 2, respectively. In this
study, y(t) can be replaced σmax andW , respectively. If ˆy(t) is designated as the approximationmodel, and themean squared
error of y(t) and ˆy(t) is made to be the minimum, satisfying unbiased condition, y(t) is estimated to be as
ˆf (t) = βˆ + rT (t)R−1(y− βˆq) (7)
where R−1is the inverse of the correlation matrix R, r is the correlation vector, y is ns observed data vector, and q is the unit
vector. Correlation matrix and correlation vector are defined as
R(tj, tk) = Exp
[
−
n∑
i=1
θi
∣∣∣t ji − tki ∣∣∣2
]
(j = 1 . . . ns, k = 1 . . . ns) (8)
r(t) = [R(t, t(1)), R(t, t(2)), . . . , R(t, t(ns))]T (9)
where the number of design variables is 6 in this study. The unknown parameters θ1, θ2, . . . , θn are obtained from following
equation.
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Fig. 1. FE model and loading condition.
maximize − [nsln(σˆ
2)+ ln |R|]
2
(10)
where θi (i = 1, 2, . . . , n) > 0. And the optimization algorithm is used to solve Eq. (10).
3. Initial analysis of ADI upper control arm
As said above, an upper control arm is the critical part of vehicle’s suspension system since it has a significant impact on
the vehicle’s ride, comfort, handling, acceleration, noise and vibration. The upper control arm ismade up of a bar shaped like
a ‘‘wishbone’’ with two pivot ends pivoting on the vehicle or frame. The lower end of the coil spring rests on it. As the wheel
moves up and down, the control arm pivots and the spring compresses or extends. Under various loading conditions such
as static weight of gross vehicle, braking and cornering conditions, one of the typical conditions — three gravity bumping is
investigated using commercial software ANSYS Workbench, and fatigue analysis is investigated in MSC Nastran. While the
optimization using RSM and Kriging model are carried out in ANSYS Workbench and the in-house program EXCEL-Kriging,
respectively.
As shown in Fig. 1, the pivot ends and the support end are all subjected to the forces in three directions. To estimate the
effects of all forces, a technique called inertia relief analysis technique is performed, which can eliminate the influence of
rigid body and just concerns the influence of stress. The material of the upper control arm is ADI, which has the yield stress
of 550 MPa.
Fig. 2 shows the von Mises stress distribution in the finite element model of upper control arm through the initial static
FEM analysis. The maximum stress of 485.36 MPa occurs at the middle part between the two pivot ends.
4. Optimization of the upper control arm
In fact, there are lots of variables for the choices of optimization due to the complex shape of the model. However, base
on the initial analysis result and the modeling process, six thicknesses x1, x2, x3, x4, x5 and x6 in two sketches, which are
lofted to form the basic model, are chosen as the design variables. Fig. 3 shows the elementary sketches and six design
variables. And for the consideration of lightweight and mechanical safety, the weight of the upper control arm is set as the
design objective, and the maximum allowable stress is set as the constraint, where the maximum von Mises equivalent
stress should not be greater than the yield strength of ADI. Hence, this optimization problem can be formulated as
Minimize ˆW (x)
subject to σˆmax ≤ σallowable
xL ≤ x ≤ xU
x = (x1, x2, x3, x4, x5, x6)T
(11)
where σˆmax is the predicted maximum stress in the new upper control arm, σallowable is the allowable stress which is
set as the yield strength of 550 MPa. xL = [11.029, 16.775, 12.326, 8.8, 14.425, 10.507] mm and xU = [13.786,
20.969, 15.407, 11.0, 18.031, 13.134]mm are the lower and upper bounds of design variables, respectively.
Subsequently, fifty sample points are generated by the maximum entropy method for two reasons. First, since each
finite element analysis takes about 15min of computation time, 50 simulation runs can be completed overnight. Second, 50
simulation runs are enough for six design variables in terms of the previous research [3].
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Fig. 2. Stress distribution in the initial model.
Fig. 3. Design variables of the upper control arm.
Table 1
Summaries of optimum results.
Response variables W (g) σmax (MPa)
Initial design 3449.9 485.4
Opti. (Kriging) 3122.3 550
Opti. (RSM) 3307.3 529.3
After obtaining 50 sample data, the Kriging model and response surface model are constructed to predict the optimum
result. Table 1 lists the optimum weight and maximum von Mises stress of the optimum design with the initial design. It
can be found that both the predicted maximum stresses in the upper control arm are kept in the reasonable range. And
the predicted optimum weight using Kriging model and response surface model reduce by 9.50% and 4.13% respectively,
comparing to the initial weight, which implies that Kriging model is more efficient than the response surface model for the
optimization of the upper control arm.
5. Validation
To verify if the optimizations are correct or not, the predicted optimummodels with corresponding design variables are
reanalyzed under the same bumping condition as described in the third section.
Table 2 compares the predicted results and re-conducted FEM analysis. It can be found that the maximum error using
Kriging model is smaller than 0.01%, which is thought to be accurate enough.
980 X.G. Song et al. / Computers and Mathematics with Applications 60 (2010) 976–980
Table 2
Verification result.
Kriging
Predict True
σmax (MPa) 550 550
W (g) 3122.3 3122.1
Table 3
Specifications for durability assessment.
Load Load time histories Cycle
Amplitude Signal
1st Case 1 +1 Constant 5.0× 105Case 2 +1 to−1 Sine
2nd Case 1 +1 Constant 7.0× 105Case 3 +1 to−1 Sine
3rd Case 1 +1 Constant 2.0× 105Case 4 +1 to−1 Sine
Table 4
Result of fatigue analysis.
Case 1 Case 2 Case 3
Analysis Target Analysis Target Analysis Target
Cycles 5.9E7 5.0E5 1.0E7 7.0E5 1.0E20 2.0E5
S.W.T index 1.34 7.41 8.01
6. Durability analysis
The suggested optimum design considering strength should be investigated in terms of durability performance. In this
research, the strain method, Neuber’s rule, SWT (Smith–Watson–Topper) method and Miner damage rule built in MSC
Fatigue were adopted to predict fatigue life. Table 3 shows the three cases that underwent durability analysis. The result in
Table 4 shows that the life cycles of the optimal design are very high enough to satisfy the criteria, hence, it’s not necessary
to amend the optimum design for the durability performance.
7. Conclusions
In this paper, the using of Kriging model and response surface method are demonstrated and compared for the
optimization of a type of ADI upper control arm. By usingKrigingmodel and response surfacemodel, theweights of the upper
control arm are reduced by 5.22% and 4.13%, respectively. Although these are possibly not the global optimal solutions, but
RSM and Krigingmodel pointed to very close optimal solutions, which builds up the authors’ confidence on the applications
of metamodels in the next cycle of optimization. Also, since the cost of fitting multiple surrogates is small when compared
with the cost of simulations, it pays to use multiple surrogates, instead of single one.
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